genomes which may indicate a common function in many species. This study adds new 48 elements to understand diatom biology and ecology and offers new perspectives to elucidate 49 timekeeping mechanisms in marine organisms belonging to a major, but underinvestigated 50 branch of the tree of life. 51 52
INTRODUCTION
the Far-Red light sensing phytochrome (DPH1) whose peak expression at the end of the light 132 period has been observed previously (36, 39) . 133
Together these results underline the existence of tight transcriptional programs phasing at 134 discrete moments of the day which potentially control the timing of cellular activities along 135 the diurnal cycle. 136 137 PtbHLH1a expression is adjusted in a photoperiod-dependent manner 138
Our analysis identified two TFs, PtbHLH1a (Phatr3_J44962) belonging to cluster D and 139
PtbHLH1b (Phatr3_J44963) belonging to cluster C, which each have a Per-ARNT-Sim (PAS) 140 domain in conjunction with a bHLH DNA-binding domain. Because bHLH-PAS proteins 141 have been shown to be involved in the regulation of rhythmic processes in animals (4, 34, 42), 142 the expression profiles of PtbHLH1a and PtbHLH1b were examined in P. tricornutum cells 143 growing under different photoperiods. PtbHLH1a expression peaked at ZT8 in the 12L:12D 144 photoperiod and at ZT12 in the 16L:8D photoperiod, 4 hours before the end of the light period 145 in both cases, then gradually decreased to below detection limits at ZT0 (Fig. 1C) . 146
Transcription of PtbHLH1b appeared to start earlier than that of PtbHLH1a. In cells entrained 147 in 12L:12D cycles, PtbHLH1b expression peaked at ZT8, whereas it peaked between 148 ZT8/ZT12 in 16L:8D photoperiods (Fig. 1C ). Thus, PtbHLH1b expression onset almost 149 coincided in the two photoperiods although transcription dramatically dropped after ZT8 in 150 12L:12D, while remained at maximum levels up to ZT12 in long days (Fig. 1C) . 151
The robustness of PtbHLH1a and PtbHLH1b diurnal expression profiles was further 152 examined under stress conditions using recent transcriptome datasets from P. tricornutum 153 cells grown in 12L:12D cycles in iron replete and deplete conditions (28). Iron homeostasis is 154 diurnally regulated in phytoplankton (43) and it affects rhythmic processes such as cell cycle 155 progression and diurnal gene expression in P. tricornutum (28). Interestingly, PtbHLH1a and
PtbHLH1a ectopic expression determines phase shifts in cellular rhythmicity 165
To determine PtbHLH1a's function, cell lines were generated expressing HA-tagged 166 bHLH1a under the regulation of the Light harvesting complex protein family F2 promoter 167 (Lhcf2p) ( Fig. 2A) , which activates transcription 3h after light onset (44). Gene expression 168 analysis allowed the selection of three independent lines, hereafter named OE-1, OE-2 and 169 OE-3, showing over-expression of the PtbHLH1a gene ( Fig. 2B ) and earlier expression 170 timing compared to the wild type (Wt) strain ( Fig. 4A and S2 ). Next, daily cellular 171 rhythmicity was analyzed using the flow cytometer channel FL3 (excitation 488nm, emission 172 655-730 nm) that estimates chlorophyll a cellular content (8, 38) , over the course of three 173 days ( Fig 2C) . Cellular fluorescence displayed highly oscillating rhythms in 16L:8D grown 174 cultures with a periodicity of approximately 24h (Fig. 2C , Table S2 ). Cell fluorescence in Wt 175 cultures increased during daytime to peak around ZT13 ( Fig. 2D and Table S2 ), and then 176 started to decrease before night onset. This fall in fluorescence was concomitant with an 177 increase in cell concentration ((38) and Fig. S4 ), likely reflecting chloroplast partitioning to 178 daughter cells during cell division (7) . Fluorescence progressively declined during the night 179 period, reaching a trough in the early morning ( Fig. 2C ). Despite maintaining rhythmicity in 180 the cellular fluorescence dynamics, OE-1 ( Fig 2C) , as well as OE-2 and OE-3 lines (Fig. 2D) , 181 displayed a remarkable phase shift of around 1-2 h in the maximum fluorescence timing 182 compared to the Wt (Table S2 ). Cellular fluorescence phase responses were further 183 investigated in resetting experiments. Wt and OE-1 cultures, that show the strongest phase 184 shift phenotype, were grown in 16L:8D photoperiods, then transferred to 8L:16D and 185 monitored for another 6 days. After the transfer to 8L:16D photocycles, the timing of 186 maximum cell fluorescence in Wt cells was maintained for two days and then re-synchronized 187 to the newly imposed photoperiod, peaking at ZT7.99±1.88 starting from the third day ( Fig.  188 2E-F). In contrast, after 3 days of re-entrainment in 8L:16D, the OE-1 line showed a 3-hour 189 phase delay (ZT 11.49±2.87) compared to Wt ( Fig. 2E-F ). Together, these results indicate that 190 diatom cellular rhythmicity is entrained in a photoperiod-dependent manner and that 191
PtbHLH1a deregulation alters the capacity of cells to set diurnal phase pattern. 192 193
PtbHLH1a regulates diurnal cell cycle progression 194
The altered rhythm of fluorescence upon PtbHLH1a over-expression described above may 195 reflect delayed or asynchronous cell division dynamics. To get further insights into the effect 196 of PtbHLH1a overexpression on rhythmic processes, cell cycle dynamics in the WT and OE-1 197 lines were thoroughly analysed. Cell cultures were synchronized by 40h of dark treatment and 198 harvested on an hourly basis for 12h after re-illumination. At T0, total DNA content 199 measurements showed comparable proportions of cells in G1 phase in all samples indicating 200 effective synchronization of cell cultures (Fig. 3A) . Starting after 3h of illumination, a 201 progressive reduction of G1 cell number was observed in the Wt, with a minimum number 202 reached after 10h of illumination. After 10h, the percentage of Wt cells in G1 increased with 203 the emergence of daughter cells (Fig. 3A) . Interestingly, compared to Wt, OE-1 cells showed 204 a slower exit from the G1 phase, with the percentage G1 cells continuing to decrease over the 205 entire 12h of illumination studied (Fig. 3A) . 206
To further characterize the cell cycle deregulation caused by PtbHLH1a over-expression, the 207 expression profiles of specific cell cycle phase marker genes (31) were analyzed in dark-208 synchronized Wt and OE-1 lines illuminated for 12h. The G1 phase gene markers CDKA1 and 209 CDKD1 showed similar expression profiles in both lines until 4h from the onset of 210 illumination ( Fig. 3B ). Starting from this time point, transcript levels of both genes were 211 consistently higher in the OE-1 line compared to Wt except for at the end of the time course 212 when they converged. This illustrates that the G1 phase duration of the two cell lines is 213 different. Conversely, the G2/M marker CYCB1 showed lower expression in OE-1 compared 214 to the Wt between 4 and 8h after the onset of illumination (Fig. 3B ). The expression of 215 another G2/M phase marker, CYCA/B1, also resulted deregulated in OE-1, presenting reduced 216 amplitude and peaking 2h later compared to Wt. Together, these results suggest that the 217 deregulation of PtbHLH1a affects cell cycle, possibly by altering transition from G1 to S or 218 G2/M phases. 219 220
PtbHLH1a regulates pace of diel gene expression 221
The effect of PtbHLH1a de-regulation on gene expression was investigated since the 222 expression of many P. tricornutum genes phase diurnally (27). To this end, Wt and OE-1 lines 223 were grown in 16L:8D photocycles and sampled every 3 hours over 25 hours. For this 224 analysis, genes with strong diurnal transcription oscillation were selected, including TFs 225 (bHLH1a, bHLH1b and bHLH3) and rhythmic genes putatively involved in chlorophyll and 226 carotenoid synthesis (NADPH:protochlorophyllide oxidoreductase 2, Por2, and Violaxanthin 227 de-epoxidase-related, Vdr) ( Fig. 1A, (27, 38) ). Total PtbHLH1a transcript levels, including 228 endogenous and transgenic mRNAs, were shown to be higher in OE-1 cells compared to the 229 Wt, and the expression peaking at ZT7 in the OE-1 line and ZT10 in the Wt (Fig. 4A) . A 230 decrease of endogenous PtbHLH1a transcripts was observed in the OE-1 line compared to the transcription (Fig. 4A ). A similar pattern was also observed for the PtbHLH1b gene, 233 suggesting that PtbHLH1a and PtbHLH1b transcription is controlled by the same regulatory 234 circuit. In addition, the bHLH3 gene showed earlier phases of expression in OE-1 compared 235 to the Wt (Fig. 4A ). Similar deregulations of PtbHLH1a, PtbHLH1b PtbHLH3 were also 236 observed in the OE-2 and OE-3 lines at ZT10 (Fig. S3 ). Besides TFs, the Chlorophyll 237 biosynthesis gene Por2 was also anticipated and the Vdr gene presented increased amplitude 238 of expression in the OE-1 line compared to the Wt (Fig. 4A ). 239
Altered gene expression observed in PtbHLH1a overexpression cell lines could be the 240 consequence of the deregulation of cell cycle progression ( Fig. 3 ). To test this hypothesis, 241 gene expression was analyzed in dark conditions, when the cell cycle is arrested ((31) and 242 ( Fig. S5) ). Because information about transcription dynamics in this condition was limited, an 243 initial survey of expression of the previously selected 104 P. tricornutum diurnal rhythmic 244 genes ( Fig. 1A ) was performed in cells exposed to continuous dark for 30 hours. Comparative 245 analysis of transcript profiles revealed that around 20% of the genes show persistent 246 oscillation of expression in D:D, although in some cases they displayed reduced amplitudes 247 and/or shifted phases of expression compared to the 16L:8D condition. In particular, 19 genes 248 were identified which showed the highest amplitude of expression in both L:D and D:D (for 249 details see Materials and Methods), consisting of 16 putative TFs and 4 pigment-related 250 enzymes ( Fig. S6 ). Among the analyzed transcripts, genes that were severely affected by the 251 absence of light were also found, being strongly down-regulated or over-expressed when 252 compared to the L:D condition (Fig. S7 ). The expression of some of these genes was further 253 analyzed in constant darkness in Wt and PtbHLH1a OE-1 cells for a period of 24h. In the Wt, 254 the analyzed genes showed comparable transcript profiles in D:D and 16L:8D conditions ( Fig.  255 4B, Fig. S8 ). Conversely, 10 out of 13 tested genes displayed reduced amplitudes and shifts in 256 the phase of expression in OE-1 compared to Wt in D:D (Fig. 4B, Fig. S8 ). It is worth 257 mentioning that two of the analysed genes, HSF1d and bZIP5, showed almost overlapping 258 profiles in OE-1 and Wt lines ( Fig. S8 ), excluding global deregulation of transcription by 259 modulation of bHLH1a expression. Taken together, these results suggest that PtbHLH1a 260 contributes to define timing of diurnal gene expression and that its activity is independent of 261 direct light inputs and cell division. whereas animal bHLH-PAS proteins have two, and a N-ter extension that is absent in the 269 animal counterparts. Available transcriptomic and genomic databases of marine algae and 270 animals were searched for bHLH-PAS proteins and ≈90 novel bHLH-PAS proteins were 271 discovered from Rhodophyta, Cryptophyta, Stramenopila, Alveolata and basal Opistokonta 272 organisms (Table S3 ). With one exception, all the newly identified proteins showed a single 273 predicted PAS domain, short C-ter extensions and N-ter regions of variable length, similar to 274 the predicted structure of diatom bHLH-PAS proteins ( The diurnal cycle is characterised by profound periodic light and temperature changes 303 which have shaped the evolution of most ecosystems on Earth. In most organisms, biological 304 rhythms are controlled by interconnected transcriptional-translational feed-back loops 305 involving TFs and integrating signals from the environment (5). Although this regulatory 306 framework is conserved among eukaryotes, the regulators responsible for the timing of events 307 within biological rhythms seem to have emerged several times through evolution (47). 308 Therefore, our current understanding of diurnal and circadian regulation, largely based on the 309 study of terrestrial model organisms, is not always appropriate or relevant for evolutionarily 310 distant marine organisms. In this study, we have shed light on the unknown regulators of 311 diurnal patterns in diatoms, one of the most prominent phytoplanktonic groups in the Ocean. 312
In agreement with previous studies (27, 28), we showed the existence of organized 313 transcriptional programs defining cellular activities along the daily cycle in P. tricornutum 314 and identified a number of TFs phasing at different times during the 24h cycle, as novel 315 candidates for diatom diurnal regulation. By monitoring diurnal variations in chlorophyll 316 fluorescence, robust regulation of diatom physiological rhythms that can be re-entrained to 317 changing photoperiods was also unveiled. The ability to adjust the phase according to the 318 photoperiod length constitutes one defining criterion of circadian clock-regulated mechanisms 319 (48). Likewise, the strongly oscillating diel expression pattern of a P. tricornutum bHLH-PAS 320 gene, PtbHLH1a, responded to photoperiod length with peak expression 4 hours before night 321 onset in both 12h and 16h day photoperiods. The timing of PtbHLH1a expression is also 322 preserved in cells under iron deficiency, in contrast to the expression of many other P. 323 tricornutum genes observed previously, and despite the growth rate reductions caused by 324 nutriment depletion (28). Functional characterization of PtbHLH1a established its 325 involvement in the regulation of P. tricornutum diurnal rhythms. Transgenic lines over-326
expressing PtbHLH1a using a promotor that is activated earlier in the light period than the 327 endogenous gene maintained cellular rhythms of ∼24 h but show phase-alterations that are 328 even more accentuated in re-entrainment experiments. This phenotype may reflect a reduced 329 capacity of cells to synchronize to environmental light-dark cycles and adjust the phase to the 330 new photoperiod. The participation of bHLH1a in the regulation of P. tricornutum cell cycle 331 progression, reported in this study, could also explain the altered cellular fluorescence 332 rhythmicity observed in the mutants. Altered cell division timing could derive from a delayed 333 exit from the G1 phase in transgenic lines compared to Wt, as also supported by the altered 334 expression of the mitotic cyclins CYCB1 and CYCA/B1 in these lines (31). The PtbHLH1a 335 gene could participate in gating cell divisions at night time, therefore maximizing the 336 energetic budget, as observed in several unicellular algae (7, 8, 30, 49) . Interestingly, a similar 337 regulation of the cell cycle occurs in mammalian cells, where the circadian clock controls the 338 expression of G2 cycle-related genes to gate cell division at specific times of the day (50). 339
Besides cell cycle, PtbHLH1a deregulation also affected diurnal rhythmicity of several 340 gene transcripts. This phenotype was uncoupled from cell cycle deregulation as it was 341 observed also in the absence of cell division, during darkness. Interestingly, the deregulation 342 of gene transcription was much more pronounced when analyzed in D:D compared to L:D 343 conditions. These results suggest on one hand that multiple regulatory inputs participate in the 344 regulation of diurnal rhythmic gene transcription (48), partially masking PtbHLH1a 345 contribution to this process in cyclic environments, and, on the other hand, support PtbHLH1a 346 involvement in the maintenance of rhythms in the absence of light inputs. 347
The evidence provided in this work support the hypothesis that Biological rhythms are still poorly understood at molecular and mechanistic levels in 384 marine algae, despite their fundamental significance to these organisms' biology and ecology. 385
Further characterization of PtbHLH1a homologs in diatoms and other algae is expected to 386 provide new insights into biological rhythms in marine organisms. 387
RNA extraction and gene expression analyses 399
Total RNA was extracted and qRT-PCR performed as described in (36). Codeset information 400 and raw nCounter data are available from the GEO database (Series GSE112268). Detailed 401 information is in SI. 402 403
Selection of rhythmic transcripts and clustering analysis 404
To select genes with rhythmic expression in the light-dark cycle, we used microarray data 405 from (27). To select rhythmic transcripts in D:D, standard deviation from the average 406 expression were calculated and used as selective criteria. Detailed information is in SI. (Miltenyi Biotec, Germany). For each sample, 30,000 cells were analysed and G1 and G2 660 proportions were inferred by calculating the 2c and 4c peak areas at 450 nm (V1-A channel) 661 using the R software. A peak calling method was applied to the resulting histogram, based on 662 a 1 st derivative approach (2). The locations of G1 and G2 peaks were first determined using 663 G1 and G2 reference samples and then used to identify G1 and G2 cells in the experimental 664 samples. The area under each peak was used as a proxy for the proportion of cells in each 665 population. 666
Generation of the PtbHLH1a overexpressing lines 701
Transformed cells were tested for the presence of the transgene by PCR and qRT-PCR 702 analysis (see Table S4 for oligonucleotide sequences). The full length PtbHLH1a coding 703 sequence was obtained by PCR amplification with the specific oligonucleotides PtbHLH1a-704
DraI-Fw and PtbHLH1a-XhoI-Rv on cDNA template using the Phusion high fidelity DNA 705 polymerase (Thermo Fisher, USA). The PCR fragment was inserted into the pENTR1A 706 vector (Invitrogen, USA) using the DraI/XhoI restriction sites, and recombined with the 707 pDEST-C-HA vector (6). Table S3 . 
